The development of FRET (fluorescence resonance energy transfer)-based sensors for measuring cAMP has opened the door to sophisticated insights into single-cell cAMP dynamics. cAMP can be measured in distinct cell populations and even in distinct microdomains within cells. However, there is still only limited information on cAMP dynamics in excitable cells, particularly as a function of the activity of voltage-gated Ca 2 + channels. A major reason for this is the pH shifts that can occur in excitable cells and their effects on fluorescent proteins.
of two fluorescent proteins. Ambiguities arise if the two proteins are not expressed at roughly equal levels. Subunits from PKA sensors can also associate with non-fluorescent endogenous PKA subunits, causing the signal to decline over time, particularly if PKA is repeatedly stimulated.
A major breakthrough occurred with the introduction of single-polypeptide cAMP sensors, which were based on the structures of Epac1 and Epac2 and the HCN2 (hyperpolarization-activated CNG channel 2) [2, 3, 6, 7] . Epac-based sensors contain either the full Epac1 sequence or an isolated cAMP-binding domain. Both types of sensor use YFP and CFP. As with the PKA-based sensor, an increase in cAMP is detected as a decrease in FRET. The sensor with highest sensitivity to cAMP is based on the second cAMP-binding domain of Epac2 (Epac2-camps, where camps is cAMP sensor) and has an EC 50 for cAMP of 0.92 μM [2] . Sensors based on the Epac1 cAMP-binding domain (Epac1-camps) were slightly less sensitive (EC 50 = 2.5 μM) [2] and those based on the full-length Epac1 [CFP-Epac-YFP and ICUE (indicator of cAMP using Epac), which contains Citrine rather than EYFP (enhanced YFP) (see below)] were approximately 20-fold less sensitive to cAMP (EC 50 = 50 μM) [6, 7] . Sensors based on full-length Epac1 are localized in the cytosol and at membranes. Removal of the Nterminal DEP domain [CFP-Epac( DEP)-YFP] prevents membrane localization and slightly increases sensitivity to cAMP [6] . A disadvantage of using sensors based on fulllength enzymes (either PKA or Epac1) is the potentially disruptive effects of the enzyme's catalytic activity on cell signalling. Epac1's GEF (guanine-nucleotide-exchange factor) activity can be abolished by the introduction of two point mutations in its catalytic domain, removing this potential problem [6] .
Most recently, a single peptide sensor has been developed based upon a cytosolic cAMP-binding domain from HCN2 [3] . This domain was fused between YFP and CFP to produce HCN2-camps. The EC 50 for this sensor is 5.9 μM, higher than for the sensors based on single cAMP-binding domains from Epac1 and Epac2, but lower than for the sensors based on full-length Epac1. HCN-camps also has a larger dynamic range than Epac2-camps. This makes it more suitable for use in cells with a higher basal level of cAMP where a significant change in cAMP concentration is still expected to occur.
cAMP in excitable cells
cAMP plays a major role in neuronal excitability, control of neurotransmitter release and numerous other neuronal functions. The Ca 2 + sensitive ACs (adenylate cyclases) seem to be the main enzymes in this regard [8] . Since it is likely that these enzymes are commonly regulated as a function of the activity of VGCCs (voltage-gated Ca 2 + channels) [9] , a particular problem emerges in measuring cAMP under these conditions in that alterations in intracellular pH can accompany changes in membrane excitability.
Depolarization of excitable cells leads to Ca 2 + influx and significant decreases in intracellular pH [10] . These changes in pH can be attributed to the actions of the PMCA (plasma membrane Ca 2 + -ATPase) Ca 2 + /H + exchange mechanisms [11] and displacement of H + by binding of Ca 2 + to intracellular proteins [12] . In rat cerebellar Purkinje cells, the pH shift can be up to 0.3 unit in the tertiary dendrites, although less in the larger dendrites and cell body [13] . Experiments in hippocampal neurons have also shown decreases in pH of up to 0.5 unit in response to neurotransmitters [14, 15] .
In vitro experiments show that the activity of Ca 2 + -regulated ACs is affected by pH [16] . This effect was not replicated in cell-based assays when the intracellular pH was altered. This difference was explained by the presence of NHE1 (Na + /H + exchanger 1) in close proximity to ACs, protecting them from significant pH change. Ca entry though CCE (capacitative Ca 2 + entry) channels and VGCCs. Ca 2 + entry through VGCCs is much greater than via CCE channels [9] ; as a consequence, greater increases in H + may be expected, which exposes ACs to more challenging decreases in pH in terms of the ability of NHE1 to buffer H + transitions.
The effects of pH on cAMP measurements are likely to be problematic when using sensors targeted to microdomains where changes in pH are likely to be greatest. For example, Epac2-camps fused to the N-terminus of AC8 has been used to measure cAMP levels at its site of production during CCE [17] . In excitable cells, where AC8 is activated by Ca 2 + entry through VGCCs, a pH shift might be expected to occur within the AC8 microdomain, yielding artefacts with some sensors.
Effects of pH on GFP-based fluorophores
The chromophore of GFP-based fluorophores is formed from three amino acids. In the original GFP, these are Ser 65 , Tyr 66 and Gly 67 [18] . The chromophore can exist in neutral or anionic states, which have different absorption spectra. The neutral chromophore absorbs in the UV range, whereas the absorption peak of the anionic form is at 475 nm. The emission peak for both forms of the chromophore is between 500 and 510 nm. Two mutations, F64L and S65T, were introduced to the original GFP sequence to produce the widely used EGFP (enhanced GFP) [19] . These mutations favour the anionic form of the chromophore. The most popular FRET-based sensors for cAMP use the GFP variant CFP as the donor and YFP as the acceptor fluorophore. To create CFPs, Tyr 66 from the chromophore was mutated to tryptophan. This introduces an indole into the chromophore [20] . YFPs were produced by introducing the T203Y mutation into GFP [21] . The redshifted excitation and emission wavelengths are due to π -electron stacking interactions between the substituted tyrosine residue and the phenol group of the chromophore. The most commonly used versions of CFPs and YFPs are ECFP (enhanced CFP) and EYFP. These proteins contain additional mutations that stabilize the chromophore and enhance brightness and solubility [20, 21] .
Changes in pH can affect the fluorescence of fluorescent proteins by shifting the equilibrium between the two states of the chromophore. EYFP is reported to have a pK a of between 6.5 and 7.0, indicating that its fluorescence is particularly sensitive to changes in pH within the physiological range [22, 23] . The structure of YFP indicates that the chromophore is less protected from the surrounding buffer than in EGFP and it is therefore more likely to exist in the neutral form in low pH. When the chromophore is in this form it is no longer excited by visible light, and so a decrease in pH leads to a quenching of YFP fluorescence [22] . In the context of a FRET-based sensor, this decrease in acceptor fluorescence can cause artefacts, as it mimics a decrease in FRET. ECFP has a much lower pK a than that of YFP (pK a = 4.7) [23] and its chromophore does not contain a phenol group; however, its fluorescence still varies within the physiological pH range [24] . CFP fluorescence also decreases in the presence of millimolar concentrations of ATP, but not ADP [25] . This effect is thought to be due to an interaction between the negatively charged phosphate groups and a histidine residue on the surface of CFP.
The value of using 'dead' sensors
One way of illustrating the presence of artefacts in data caused by the quenching of fluorescence is to use a 'dead' sensor as a control. A dead sensor is one which does not respond to the molecule being measured. In the case of measuring cAMP using Epac-based sensors, this can be done by mutating the key arginine residue in the cAMP binding domain to glutamic acid so that cAMP no longer binds to the protein [26] . Any apparent changes in the fluorescence must now be due to changes in the environment rather than changes in cAMP levels. Although dead sensors can highlight the presence of an artefact, their use to adjust for artefacts is not ideal.
Options for decreasing pH-sensitivity

Improved yellow fluorophores
In the last decade, new yellow fluorophores have been developed with improved properties for FRET, including higher quantum yields and molar absorption coefficients, as well as reduced pH-sensitivity (Table 1) . Citrine was produced by error-prone PCR and contains a glutamineto-methionine mutation at position 69 [27] . This mutation changes the environment around the chromophore, favouring the anionic form and decreasing the pK a to 5.7. Citrine is more photostable than YFP and folds better at 37
• C, making it more suitable for both FRET and other types of microscopy. Incorporation of Citrine as an acceptor fluorophore is reported to decrease the sensitivity of a Ca 2 + sensor to low pH [27] .
The yellow fluorophore Venus contains several mutations that were introduced to improve folding and maturation at 37
• C (EYFP/F46L/F64L/M153T/V163A/S175G) [28] . These mutations also have the effect of reducing the pK a to 6.0. Venus has been used as an acceptor for CFP in FRET sensors and is often used in one of its circularly permuted forms [29, 30] . These are not reported to alter pH-sensitivity further, but allow the angle of the chromophore to be altered, potentially increasing FRET efficiency or the dynamic range of the sensor.
Improved cyan fluorophores
Cerulean was produced by targeted mutagenesis of ECFP, resulting in ECFP/S72A/Y145A/H148D [31] . This fluorescent protein is 2.5-fold brighter than ECFP and has increased photostability. However, the mutations introduced to produce Cerulean did not alter the pK a ( Table 1) . Further optimization of Cerulean has led to the development of mCerulean2 and mCerulean3 [32] . Introducing random mutations into the β-barrel and searching for the brightest proteins resulted in mCerulean2, which contains the S147H/D148G/K166G/I167L/R168N/H169C mutations and is 30% brighter than Cerulean. mCerulean3 was produced by converting Thr 65 back into serine, the amino acid in the original GFP. This increases both the brightness and the quantum yield of mCerulean3 and also decreased its sensitivity to changes in pH, reducing the pK a to 3.2. This is the lowest pK a measured for a CFP and could make mCerulean3 particularly useful for situations in which a pH shift is expected. mCerulean3 was shown to be successful as a FRET donor for Venus [32] . Another recently developed CFP, mTurquoise, is also brighter in vivo and has a slightly lower pK a than that of Cerulean, but it is not as bright as mCerulean3, nor is its pK a as low [32, 33] .
Teal fluorescent protein as an alternative to CFP mTFP1 (monomeric teal fluorescent protein 1) was developed, by directed evolution, from cFP484, a tetrameric CFP from Clavularia coral [24] . A synthetic gene library was initially produced to introduce variety and the brightest fluorescent proteins were identified. The brightest fluorescent protein in this library was a dimer with peak emission at 486 nm which was named teal fluorescent protein. Directed evolution and random mutagenesis were used in the search for a monomer with bright fluorescence and high photostability. The resulting mTFP1 has an excitation peak at 463 nm and an emission peak at 490 nm. These peaks are red-shifted compared with CFPs. mTFP1 was tested as a FRET donor for Citrine in a Ca 2 + sensor [24] . This pair shows a higher FRET efficiency than CFP/Citrine, although there was a decrease in the dynamic range. mTFP1 has a lower pK a than ECFP (4.3 compared with 4.7) making a Citrine/mTFP1 FRET pair potentially useful for cAMP measurements in excitable cells. The usefulness of different FRET pairs has been tested in the context of an Epac1-based sensor lacking the N-terminal DEP domain [29] . In this study, a combination of a slightly C-terminally truncated ECFP and circularly permuted Venus was found to have the largest FRET range and be less sensitive to changes in pH than the original ECFP/EYFP-based sensor. However, the potential pH-sensitivity of ECFP was not addressed in this study. This sensor has since been improved by incorporation of mTurquoise in place of ECFP, which improves the photostability and signal-to-noise ratio [34] . FRET pairs using Cerulean, mCerulean3, mTurquoise and mTFP1 have larger Förster distances than FRET pairs using ECFP [24, 32] . As most FRET sensors have been optimized for ECFP, further optimization may be required to maximize the dynamic range of sensors using the donor fluorophores.
Conclusions
The development of new fluorophores with decreased pH-sensitivity provides options for development of a cAMP sensor that overcomes the difficulties presented by depolarization-induced decreases in pH. The ability to study cAMP levels in excitable cells offers opportunities for breakthroughs in the study of important physiological processes known to involve ACs, including synaptic plasticity, neurotransmitter release and memory formation [8, 35] .
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